evolved traits for tolerating the resulting abiotic changes. 28 2. Working within ephemeral wetlands, we tested whether species were increasingly related 29 as flooding duration intensified. We also identified the mechanisms underlying 30 increased relatedness by measuring root aerenchyma volume (RAV), a trait which 31 promotes waterlogging tolerance. 32 3. We found that species-specific responses to flooding explained most of the variation in 33 occurrence for 63 vascular plant species across 5,170 plots. For a subset of 22 species, 34 we attributed these responses to variation in RAV. Large RAV specifically increased 35 occurrence when flooding lasted for longer time periods because large RAV reduced 36 above-ground biomass loss. As large RAV was evolutionarily conserved within obligate 37 wetland species, communities were more phylogenetically related as flooding increased. 38
Summary 23
1. Abiotic filters have been found either to increase or reduce evolutionary relatedness in 24 plant communities, making it difficult to generalize responses of this major feature of 25 biodiversity to future environmental change. Here we hypothesised that the responses of 26 phylogenetic structure to environmental change ultimately depend on how species have 27 evolved traits for tolerating the resulting abiotic changes. 28
Introduction 45
Evolutionary relatedness among co-occurring species is used to understand community 46 assembly (Webb, 2000; Kraft et al., 2007) and prioritize conservation actions (Isaac et al., 47 6 few mm in diameter, and up to 9 species can be captured within a single plot (Tanentzap et 146 al., 2013) . We restrict our analyses only to the 63 of 118 total species occurring in >0.2% of 147 plots, as we could not adequately model the occurrences of species that were effectively 148 absent from our landscape. 149 We estimated the flooding regime experienced within each plot by first mapping the 150 bathymetry of each kettlehole using a laser theodolite and calculating the elevation of each 151 plot relative to the lowest point in each kettlehole. Values ranged from 0-2.86 m, with higher 152 elevations never flooded (Fig. S1) . Relative elevations were then compared with daily mean 153 water levels to calculate flooding duration for each plot as the number of days that each plot 154 was submerged from Dec 2006-2011. Duration provides more information about the local 155 flooding regime than simply the number of times each plot was flooded, but, nonetheless, is 156 still highly correlated with other measures of flooding ( Table S2 ).
assumed that unobserved continuously valued traits influenced the probability of occurrence 180 along our flooding gradient and evolved along our phylogenetic tree through random drift, 181
and an Ornstein-Uhlenbeck (OU) process, which assumed there was selection towards a 182 central trait value acting on the unobserved traits that influenced occurrence (see Methods S1 183 for full details). To test the influence of spatial processes on species occurrence among 184 transects within each kettlehole ν lm (1) , we estimated the effect of each transect from a 185
Gaussian spatial correlation structure equal to −( D) 2 , where τ was the strength of the spatial 186 correlation across all transects and D was a matrix of pairwise distances among the mid-187 points of transects in each kettlehole (Dormann et al., 2007) . We then let the presence-188 absence of each species j within plot k along transect l at kettlehole site m be drawn from a 189
Bernoulli distribution with probability p jklm that was equal to: 190
where μ was the estimated mean probability of occurrence across all species that varied 192 according to the sampled plot, transect, and kettlehole with a value of ν klm
, ν lm (1) accounted for the fact that the presences-absences of species in the same plot, among 196 plots on the same transect, and among plots in the same kettlehole were non-independent. 197
We also let occurrence vary among species because of phylogenetically relatedness. 198
Relatedness changed mean occurrence according to ν j (1) and influenced the response of each 199 species ν j (2) to flooding duration d k . All ν terms were sampled from independent zero-mean 200 normal distributions with estimated standard deviations (SDs) to compare sources of 201 variation in p jklm . 202
We calculated the relative importance of both continuous effects, such as flooding 203 duration, and factor levels, such as transect or species identity, using variance components 204 (VCs) (Qian & Shen, 2007; Hector et al., 2011) . Processes such as dispersal limitation and 205 demographic stochasticity will be associated with spatial and/or residual-level variation, so 206 we can infer the overall importance of flooding in driving community assembly by 207 expressing its VC relative to these other factors. We estimated VCs as the SD of each ν, with 208 the SD of the residual error equal to the VC unexplained by our model (Hector et al., 2011) . 209
We built upon our model in eqn 1 to test whether greater RAV was associated with species 212 that occupied sites there were flooded for longer periods. This first involved measuring root 213 aerenchyma as the proportional volume of gas space within roots (Visser & Bögemann, 214 2003) . We focused on the 22 of the 24 most common species in our study, as these could be 215 readily measured. For each species, we collected an average of 8 individuals (SD = 2) at 216 regularly-spaced intervals across the flooding gradient in one of our kettleholes immediately 217 after flooding in February 2013. In the lab, sections ca. 30 mm long were cut from root 218 apexes of each sample and weighed before and after vacuum infiltration with water. The 219 difference between the two weights measured the mass of the internal air space. We 220 expressed this mass relative to the mass of infiltrated tissue multiplied by an average specific 221 weight of infiltrated tissue (=1.036 g mL −1 ) to derive percent root porosity. Species-specific 222 differences in specific weight are sufficiently small that they do not measurably alter root 223 porosities (Visser & Bögemann, 2003) . For each species, we calculated maximum potential 224 flooding tolerance RAV max as the largest observed RAV. RAV max therefore focused on the 225 theoretical potential that each species could achieve. Using a population-rather than 226 individual-level trait also eliminated the confounding effects of within-species variation on 227 our analyses. and can show similar responses because of a shared evolutionary history. As in eqn 1, we 233 predicted occurrence from a Bernoulli distribution with a probability p jklm that depended upon 234 flooding duration, allowing species to respond differently in each kettlehole site m: 235
.
(eqn 2) 236
The mean probability of occurrence of each species and how it was influenced RAV max was 237
given by: 238
, 239
where γ
(1) j estimated species-specific mean occurrences that were not phylogenetically 240 related, γ (2) estimated the extent to which mean occurrence changed with RAV max , and ν j
241 reflected species-specific differences in occurrence that were phylogenetically related and 242 estimated from pruning the larger 63 species phylogeny (Ives & Helmus, 2011). ν j (3) was 243 estimated as in eqn 1 by scaling our phylogenetic tree with an estimated SD, thereby allowing 244 phylogenetic relationships to provide additional information to RAV max about the mean 245 occurrences of species, such as if unmeasured traits with a strong phylogenetic signal 246 influenced species distributions (Ives & Helmus, 2011). As with eqn 1, we also tested 247 whether transforming branch lengths in our phylogenetic tree according to an OU process 248 was a better fit to the observed occurrence data. We tested whether RAV max influenced 249 species' responses to flooding duration in eqn 2 by expressing a species-specific slope β j as: 250
. 251
We randomly generated coordinates at the start and immediately after each submergence period. 256
We then calculated the maximum potential for each species to mitigate biomass loss from 257 flooding (i.e. flooding tolerance) as the largest change in frequency observed across all pots. 258
Here, we correlated flooding tolerance with RAV max for 12 species that had both sets of trait 259 measurements using generalised least squares that accounted for phylogenetic relatedness. 260
261

Pattern and process of aerenchyma evolution (P3) 262
We tested the null hypothesis that potential flooding tolerance was as different among closely 263 related species as expected by chance. We quantified trait similarity with the K statistic 264 (Blomberg et al., 2003) , which captures the observed variance in RAV max relative to that 265 expected if it had evolved along a phylogenetic tree under a Brownian motion (BM). We 266 compared this to a null distribution for K generated by randomly shuffling the tips of our 267 phylogeny 1,000 times. We rejected our null hypothesis if the observed K was greater than 268 the null distribution >95% of the time. values arise from multiple evolutionary processes, e.g. strong stabilizing selection or adaptive 273 differentiation that slows over time (Revell et al., 2008) . 274
We also sought to identify the process underlying the evolution of potential flooding 275 tolerance across our phylogeny. We first fitted five evolutionary models to the RAV max 276 observed for each species using maximum-likelihood methods. Three models were based 277 entirely on a BM, whereby genetic drift occurred at a rate σ B and was either: constant (BM1); 278 varied directionally, on average (BMD); or accelerated or decelerated exponentially over time 279 (ACDC), as might be expected where species radiate adaptively and variation in traits 280 between ancestors and descendants becomes progressively smaller (Harmon et al., 2010) . 281
One limitation with the ACDC model is that it may be very difficult to detect without 282 species-rich (n >50) clades at the family-or order-level and traits of extinct ancestors (Slater 283 & Pennell, 2014). The fourth model (OU1) was based on an Ornstein-Uhlenbeck process, 284
where species evolved towards an optimal trait value θ at a rate of α and with random noise 285 from a BM added to this deterministic process (Hansen, 1997 ). The fifth model was non-286 evolutionary and assumed traits were normally distributed with no covariance among species 287 (N1). Finally, we also fitted four variants that allowed evolutionary rates and optima to vary 288 between species that were primarily restricted (i.e. obligate) versus unrestricted (i.e. 289 facultative) to ephemeral wetlands (Methods S1). There were strong a priori reasons to 290 expect selective regimes differed between obligate and facultative taxa. Specifically, obligate 291 taxa should be pulled towards higher RAV max (i.e. high θ and α; low σ B ). character maps for models with variable selective regimes (Methods S1). As AICc is highly 299 sensitive to false negatives depending on the number of taxa and structure of the underlying 300 phylogeny, we also used parametric bootstrapping to detect differences between the two best 301 supported models (Methods S1). 302
303
Evolutionary relatedness along flooding gradient (P4) 304
We tested whether communities were more evolutionarily related as flooding increased. In 305 contrast to the generalised linear mixed models described by eqns 1-2, we were interested in 306 testing whether phylogenetic clustering at the community-level increased with flooding rather 307 than simply identifying whether it existed. This analysis also complemented our previous 308 models by focusing on community-rather than individual-level responses. 309
For each plot with >2 species (n = 2,035), we calculated the net relatedness index 310 (NRI) as the difference between the mean phylogenetic distance (PD, i.e. branch length in the 311 63 species consensus tree) observed among pairs of individuals within the plot and a mean 312 PD randomly sampled for the same number of species from across the entire phylogeny. The 313 null sampling therefore assumed that all 63 could hypothetically colonise all plots, which was 314 reasonable given the spatial range of our study. The difference between observed and 315 randomly sampled PD was then divided by the SD of the randomly sampled PD and 316 multiplied by -1 to derive NRI. Negative and positive values denote less-and more-closely 317 related communities than expected by chance, respectively, while values of zero are 318 consistent with random assembly. We focused on NRI because it captures clustering from 319 root to terminal nodes, so is more appropriate than other measures of dispersion for 320 phylogenies driven by deep divergences with little intra-family sampling (Webb, 2000) . 321
We tested whether NRI within each plot k along transect l at kettlehole m varied with 322 the flooding duration experienced by that plot d klm given normally-distributed error and a 323 mean η klm , which was equal to: 324
where β 3 was the mean NRI across plots, β 4 was the effect of flooding, β 5 was the effect of 326 plot-level species richness, and ν lm and ν m accounted for random variation among transects 327 and kettleholes, respectively, and were each ~N(0, σ ν ) with separately estimated σ ν 's. and U(0, 100), respectively. We used a weakly informative prior for the strength of selection 337 along our phylogeny α of ~ N(0,1). All independent variables were scaled to a mean of 0 and 338 SD of 1 prior to model estimation. Convergence was verified with standard approaches 339 (Methods S1). R code to fit a Stan model to simulated data is given in Methods S2. 340
For each parameter, we calculated posterior means and 95% credible intervals (CIs) 341 by drawing a subset of at least 1,000 simulations. We did not reject the hypothesis that the 342 interaction between species identity and flooding was a more important driver of species 343 occurrence than flooding on its own (P1, equation 1) if the 95% CI for the difference between 344 the variance component of the interaction and that of flooding was ≥0. Similarly, we rejected 345 null hypotheses of no effect of flooding on aerenchyma volume (P2, equation 2) and floodingexcluded zero. Where we fitted different transformations of our phylogenetic tree, parameter 348 estimates were reported only for the best supported model. Models were compared with the 349 leave-one-out information criterion (LOOIC), which is more accurate than classical 350 information criterion in a Bayesian context yet is interpreted similarly, i.e. smaller values 351 indicate better supported model and we selected the more parsimonious model where 352 differences in LOOIC were <2 (Vehtari et al., 2015) . 353
354
Results
355
Species occurrences constrained by tolerance of flooding 356
Species-specific responses to flooding were an important driver of community assembly, 357 supporting P1 that predicted species occurrences should change differently along a flooding 358 gradient. For example, whilst many species were less likely to occur with increased flooding 359 duration, there was considerable variation in prevalence and some graminoids had strong 360 positive responses (Fig. S2) . Consequently, the effect of species identity that allowed close 361 relatives to co-vary and its interaction with flooding duration explained much more variation 362 in the probability of occurrence of individuals than simply the mean effect of flooding (95% 363
CIs for VCs, species × flooding interaction: 4.8 -5.5; species identity: 4.0 -5.0; flooding 364 duration: 0.3 -0.5; Fig. 1) . The model allowing close relatives to co-vary without a clear 365 directional effect was better supported than the model in which all species were concurrently 366 drawn towards a central mean for their probability of occurrence (LOOIC for BM vs OU 367 model: 63768 and 63816, respectively). Differences among species in occurrence across 368 kettlehole sites and transects independent of their phylogenetic relatedness were also 369 relatively small, suggesting that environmental responses that were not evolutionarily 370 conserved were comparatively weak influences over community assembly (95% CIs: 2.3 -371 2.9 and 1.1 -1.3, respectively). Site-level variation in species occurrence, reflecting such 372 factors as differences in the regional species pool, and transect-and residual-level variation, 373 presumably associated with stochastic and spatial processes unrelated to flooding, such as 374 dispersal limitation, were also relatively minor (for all, upper 95% CI <1.7; Fig. 1 ). Little 375 variation was similarly explained at the plot-level (95% CI: 0.8 -0.9). 376
We found that species occurring in sites that were flooded for longer periods had 377 greater root aerenchyma volume as predicted by P2 (95% CI for RAV × flooding interaction 378 effect β 2 : 0.45 -0.51). For example, a 20% increase over the observed range of flooding 379 duration from 304 to 507 days submergence reduced the probability of occurrence of species 380 with <20% RAV max by nearly 9% (Fig. 2) . By contrast, species were between 1.3 -7.7%more likely to occur in these conditions where RAV max exceeded 30% (Fig. 2) . Neither 382 RAV max or flooding duration influenced species occurrence on their own (95% CIs for γ (2) 383 and β 1 : -0.51 -0.65 and -0.57 -0.78, respectively), and a model of BM again better 384 supported patterns in occurrence among close relatives (ΔLOOIC vs OU model: -4.5). 385 Transect-and plot-level variation were also negligible in our model (for both, upper 95% CI 386 of estimated σ <0.29) as compared with site-and species-level sources of variation in slopes 387
Our findings support our central hypothesis, which predicts that environmental change should 449 favour increasing phylogenetic relatedness where species' responses to the new conditions 450 are evolutionarily conserved. In our study, a mean of 58% of the variation in occurrence 451 along flooding gradients was explained by species-specific responses that allowed close 452 relatives to vary similarly, implicating evolutionarily conservatism in species' responses (Fig.  453   1) . By focusing on a subset of species, we then found that root aerenchyma influenced 454 responses to flooding and was under strong selection towards habitat-specific optima (Figs 2,  455 3, S3). We specifically found that large RAV max was conserved within obligate wetland 456 species that tolerated flooding. This conservatism may explain why communities are more 457 phylogenetically related as flooding increases in our study and potentially many others (e.g. We cannot exclude competition as a selective force acting upon trait evolution and 490 community assembly. Large RAV max should enhance relative performance and thus resource 491 capture because it allows plants to minimize biomass loss associated with flooding (Fig. S3) . 492
As large RAV max is strongly conserved, this will create differences in competitive ability that 493 map onto our phylogeny. Communities can therefore be more closely related than expected 494 by chance, as observed here, because competition is the dominant force driving assembly and 495
closely related species will be less likely to exclude each other given their similar competitive 496 abilities (Mayfield & Levine, 2010). Such a role for competition could explain why species-497 specific differences unrelated to flooding influenced species occurrence (Fig. 1) aerenchyma was ancestrally present and regularly gained in wet habitats but never lost. 508
Although we focused on considerably fewer species, null simulations showed that our 509 phylogeny was sufficiently informative to discern similar macroevolutionary processes and 510 our sampling across families targeted the scale at which distinct evolutionary units emerge 511 
